It is a well known phenomenon that the occurrence of several distinct amino acids at the C-terminus of proteins is non-random. We have analysed all Saccharomyces cerevisiae proteins predicted by computer databases and found lysine to be the most frequent residue both at the last (-1) and at the penultimate amino acid (-2) positions. To test the hypothesis that C-terminal basic residues efficiently bind to phospholipids we randomly expressed GST-fusion proteins from a yeast genomic library. Fifty-four different peptide fragments were found to bind phospholipids and 40% of them contained lysine/arginine residues at the (-1) or (-2) positions. One peptide showed high sequence similarity with the yeast protein Sip18p. Mutational analysis revealed that both C-terminal lysine residues of Sip18p are essential for phospholipid-binding in vitro. We assume that basic amino acid residues at the (-1) and (-2) positions in C-termini are suitable to attach the C-terminus of a given protein to membrane components such as phospholipids, thereby stabilizing the spatial structure of the protein or contributing to its subcellular localization. This mechanism could be an additional explanation for the C-terminal amino acid bias observed in proteins of several species. Keywords: amino acid composition/C-terminal bias/ C-terminus/phospholipid binding/SIP18
Introduction
The completion of the sequencing project of the genome of Saccharomyces cerevisiae some years ago limited the number of possible yeast proteins to approximately 6000. The number of yeast genes is still growing but 6500 genes should be a landmark that will not be exceeded in the future. Moreover, much of the protein sequence information is derived from DNA-sequencing projects and the existence (and function) of translation products still needs to be verified. Nevertheless, the enormous amount of data allows exhaustive analysis of the primary structure of (predicted) proteins.
It is well known from statistical analysis that the occurrence of certain amino acids at a protein C-terminus is non-random as was shown for Escherichia coli, S.cerevisiae and human proteins. The composition of the C-terminal peptide sequence differs from that expected for the overall amino acid composition of a given protein. In general, it was shown that amino acids which are positively charged at physiological pH values are over-represented in the C-terminal peptide sequence while Gly residues are under-represented (Berezovsky et al., 1997) .
Explanations for this C-terminal bias are taken from the fact that C-termini of proteins possess some distinct properties.
First, the C-terminal amino acid residues could interfere with translation termination signals at the ribosome machinery itself. This has been shown for E.coli where the composition of the C-terminal end of the nascent peptide influences translation termination with the strongest contributing effects from the last amino acid (-1 location) and the penultimate amino acid (-2 location) (Bjornsson et al., 1996) . In yeast and human cells, too, the nucleotide stop codon context, including regions upstream of the stop codon which encode C-terminal amino acids, influences the efficacy of stop codon recognition and translation termination (Bonetti et al., 1995; McCaughan et al., 1995) . However, effects in yeast seem to be of lesser extent compared to effects in E.coli or Bacillus subtilis (Mottagui-Tabar et al., 1998 ; for overview see Bertram et al., 2001) .
Secondly, it was proposed, that charged amino acids concentrated in the C-terminal region of a protein will stabilize its overall spatial structure by fixation of the terminal tail to the core of the protein due to electrostatic interactions. Even if these effects are not observed in matured proteins the charged termini could be important during the folding process of the nascent polypeptide chain (Christopher and Baldwin, 1996) . For collagen it was shown that the carboxy end stabilizes the spatial protein structure (Prockop and Kivirikko, 1995) but most crystallization experiments fail to resolve exactly the location of the N-and C-terminal parts of proteins leaving this question unanswered.
Thirdly, an alternative explanation of the C-terminal bias of positively charged amino acids could be a possible interaction of charged amino acid residues not only with inner protein structures themselves but with components of the cellular environment such as nucleic acids or membranes. The interaction of proteins with membranes can occur in two different manners. On the one hand, hydrophobic amino acid residues could contribute to membrane attachment by insertion into the inner core of the lipid bilayer. The other possibility would be provided by positively charged amino acids which are found predominantly in C-terminal peptides and which can directly interact with negatively charged components of the membrane. These electrostatic interactions are thought to be less stable than hydrophobic interactions and could be the first step of the final attachment provided by hydrophobic residues. Particular emphasis is placed on the interactions of proteins with phospholipids acting as second messengers in signalling pathways, mainly phosphoinositides or inositol polyphosphates. The first phospholipid-binding domain characterized was the pleckstrin homology (PH) domain (Harlan et al., 1994) . PH domains have been found in proteins from numerous species from mammals to yeast, but neither in plants nor in bacteria. Comparing all putative PH domains found so far it is obvious that they show very low sequence similarity. Other lipid-binding domains are C2 domains, SH2 domains Frequency of paired amino acid residues at the last two sense codon positions (-2 and -1 positions). All known S.cerevisiae proteins from the YPD TM database were included. Horizontal row of letters indicates amino acid at position (-1), i.e. C-terminus, vertical row of letters amino acid at position (-2). For instance, combination [KRstop] has been found 30 times. Σ, sum of all residues at the position indicated. Total number of proteins included: 6235. (Bottomley et al., 1998) and the recently described FYVE domain (Gaullier et al., 1998) . What is the molecular basis for protein-phosphoinositide interaction? Many of the binding sites were mapped to assign the phosphoinositide binding to separate regions in the protein. These collinear sequences are mostly rich in basic and hydrophobic amino acid residues or characterized by lysine/arginine-rich sequences (for overview see Martin, 1998; Hurley and Misra, 2000) . In general, the isolated lipid-binding motifs with lengths from 10 to 522 approximately 120 amino acid residues in binding studies functioned similar to the entire protein wherein lysine and arginine residues accounted for lipid binding as proven by mutational analysis (Janmey et al., 1992; Jorgensen et al., 1995) . Conserved lysine and arginine residues are found in the FYVE domain (Fruman et al., 1999) as well as in the SH and PH domains (Isakoff et al., 1998; Kang et al., 2000) . The above considerations prompted us to examine whether one additional explanation for the C-terminal bias is the anchorage of C-termini to membrane components, especially to positively charged phospholipids.
Materials and methods
Materials DNA restriction and modifying enzymes were from Boehringer Mannheim (Mannheim, Germany) and New England BioLabs (Frankfurt, Germany). Glutathione-Sepharose 4B was purchased from Amersham Pharmacia Biotech AB (Freiburg, Germany), the DNA sequencing kit-LC from Epicentre Technologies (Madison, WI, USA). Antibodies were from Quantum Biotechnologies (anti-AFP mAB, 11E5) (Heidelberg, Germany) and Sigma (anti-glutathione-S-transferase IgG) (München, Germany). Phospholipids were from Sigma and rhodamine-phosphatidylethanolamine (Rh-PE) from Avanti Polar Lipids (Alabaster, AL, USA). Database for yeast proteins All known S.cerevisiae protein sequences were extracted from the YPD TM database (http://www.proteome.com/databases/). In total, C-terminal sequences of 6235 yeast proteins were analysed for the overall occurrence of amino acid residues at the last (-1) sense codon position as well as the penultimate (-2) position and position (-3) without further statistical considerations. The occurrence of any amino acid residue or combinations of residues are given in absolute numbers or in percentage of all yeast proteins (protein positions) from the database.
Library construction and purification of GST-fusion proteins
For library construction, S.cerevisiae genomic DNA was partially digested with Sau3AI and 1-10 kb fragments were isolated and ligated to BamHI-cut pEG(KT) (Mitchell et al., 1993) . The ligation mixture was transformed into E.coli and approximately 15 000 independent colonies were obtained. DNA was prepared from a batch of all 15 000 E.coli colonies. Forty single clones were selected to characterize the expression library for insert size and number of insert-containing plasmids. Ninety-six percent of plasmids were found to contain inserts of~1-5 kb. The haploid S.cerevisiae strain BJ5459 (Mata ura3-52 trp1 lys2-801 leu2∆1 his3∆200 pep4::HIS3 prb1∆1.6R can1) was transformed with this library and approximately 8000 independent colonies were obtained. 4000 single yeast colonies were replated onto master plates, finally 3800 of them were tested for lipid binding of the expressed GST-fusion protein (see Preparation of lipid vesicles and lipid-binding assay). For preparation of GST-fusion proteins yeast colonies were grown at 30°C in galactose-containing medium to induce expression of GST-fusion proteins. After 20 h, cells were harvested by centrifugation, resuspended in ice-cold lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 50 mM NaF, 1% Triton X-100, 1 mM PMSF, 10 mM benzamidine), transferred to 1.5 ml test tubes, and 1 volume of glass beads (s / 0.5 mm) was added. Cell lysis was performed by vigorous shaking for 20 min at 4°C. Lysates were centrifuged for 5 min at 20 000 g and supernatants were incubated with glutathione-Sepharose beads. After incubation for 1 h at 4°C Sepharose beads were washed several times to obtain the immobilized GST-fusion protein. The molecular mass, purity and concentration of the proteins were estimated by SDS-PAGE gel.
Preparation of lipid vesicles and lipid-binding assay
Mixed liposomes were prepared as previously described (Soom et al., 2001 ). In brief, phospholipids (from bovine brain) List of identified C-terminal peptides which showed at least one Lys/Arg residue in the last five C-terminal amino acid residues or more than two Lys/Arg residues in the last 20 C-terminal amino acid residues. Peptide binding to phospholipid vesicles is given in arbitrary units. Amino acids derived from the plasmid are shown in italics. An asterisk indicates clones found in duplicate. Quot., quotient lipid-binding per Lys/Arg residue. Lys/Arg residues are indicated in bold.
and Rh-PE were dissolved in chloroform:methanol (1:1). Phospholipid mixtures contained 15% phosphatidylserine, 40% phosphatidylinositol, 40% phosphatidylinositolphosphates and 5% phosphatidylinositolbisphosphates. The content of phospholipids was verified by HPTLC separation as previously described (Mayer et al., 2000) . Phospholipid mixtures were dried under N 2 and resolved in 10 mM HEPES buffer (pH 7.4; 100 mM NaCl). After homogenizing and freezing/thawing, mixtures were sonicated and centrifuged. Supernatants containing small unilamellar vesicles were used in binding assays with glutathione-Sepharose immobilized proteins. Lipid-binding assays were performed as described previously (Soom et al., 2001) . For the binding assay, immobilized GSTfusion proteins (~1 µg/sample) and small unilamellar vesicles (500 µg phospholipid/ml; 50 µl/sample) were mixed in binding buffer to a total volume of 100 µl and incubated with agitation at 22°C for 30 min. The Sepharose was spun down and washed with binding buffer. Liposome binding to immobilized proteins was quantified by fluorescence measurement in 96-well plates (Fluoroscan II; Laborsystems GmbH, Frankfurt, Germany) using 390 and 590 nm, respectively, as excitation and emission wavelengths. Data presented were corrected for non-specific binding by subtracting the fluorescence found for glutathioneSepharose alone. GST-phosphatidylinositol 3-kinase γ (PI3Kγ), which binds anionic phospholipids including phosphoinositides (Kirsch et al., 2001) , was taken as control. 
SIP18 constructs
The S.cerevisiae SIP18 gene was amplified by PCR from genomic DNA. Point mutations for subcloning and truncation of expressed protein were generated by overlap extension PCR and all constructs were verified by sequencing. GST-fusion constructs were inserted into the plasmid pEG(KT) (see Library construction and purification of GST-fusion proteins) and the yeast strain BJ5459 was transformed with the plasmids.
Results

Amino acid composition of the C-termini of all yeast proteins
We examined all S.cerevisiae proteins predicted by open reading frames (ORFs) in the yeast genome database. Analysis reveals an absolute preference for lysine in both the (-1) and (-2) location of the C-terminal peptide. Also, at position (-3) Lys was still over-represented (Figure 1 ). Twelve percent of all yeast proteins show Lys at the C-terminal position (-1) whereas the frequency at other positions decreases with increasing distance from the C-terminus: 11% Lys at position (-2); 9% Lys at position (-3); 10% Lys at position (-4). Phospholipid-binding peptides often contain stretches of basic amino acid residues (Fruman et al., 1999; Xue et al., 1999; Hurley and Misra, 2000) . Apparently, positively charged amino acid residues may contribute to phospholipid binding by electrostatic interactions. For this reason we investigated the frequency of appearance of all possible combinations of amino acids at the last two positions (Table I) . Overall analysis reveals a high predominance of the paired residues Lys (-2)Lys(-1)stop which was found 151 times, followed by Ser(-2)Lys(-1)stop (84 times), Leu(-2)Leu(-1)stop (68 times), Leu(-2)Lys(-1)stop (59 times) and Arg(-2)Lys(-1)stop (57 times). The occurrence of the hydrophobic amino acid leucine in these contexts hints at the second possible mechanism of protein-lipid interaction provided by lipophilic residues. It should be noted that the analysed protein sequences are 524 predicted from the yeast genome sequence and that some of the putative ORFs may not be translated in vivo.
Protein-lipid interactions of randomly expressed GST-fusion peptides
To investigate systematically the binding properties of randomly expressed peptides to phospholipids we constructed an expression library from genomic yeast DNA (for details, see Material and methods). After partial digestion of genomic DNA with the restriction endonuclease Sau3AI only fragments longer than 1000 base pairs were cloned into the BamHI site of the plasmid pEG(KT). This brings the DNA fragments in frame with the GST gene encoded by the vector. Since there is no preference for any given ORF, Ͻ15% of expressed fusion peptides should be a part of the naturally expressed yeast proteins. (For the final analysis of binding data we excluded these naturally occurring protein fragments.) The complete set of library plasmids was transformed into the S.cerevisiae strain BJ5459. To test the GST-fusion proteins for phospholipid binding we inoculated 3800 independent yeast clones. The expressed fusion proteins were immobilized on glutathioneSepharose and subjected to a phospholipid-binding assay as described in Materials and methods. In this screen approximately 80 yeast clones were identified to express GST-fusion proteins which bind phospholipid vesicles. From these clones, plasmids were extracted, amplified, retransformed into yeast and binding properties were verified, indicating that lipid binding is plasmid dependent. Immobilized proteins were subjected to PAGE analysis. The extent of purification usually exceeded 95%. Subsequent DNA-sequencing analysis revealed that the plasmids identified encoded 20 fragments of known yeast proteins and 54 different peptide fragments not expressed naturally in yeast. From the set of peptide fragments, 31 were found to be Lys/Arg-rich and showed at least one Lys/Arg residue among the last five C-terminal amino acid residues or more than two Lys/Arg residues in the last 20 C-terminal amino acid residues (Table  II) which corresponds to 57% of found sequences. If the subset of Lys/Arg-rich fragments is analysed for the appearance of the basic residues Lys or Arg at distinct positions, both amino acids are over-represented in the positions (-1) and (-2) and under-represented at positions (-3), (-4) and (-5) (Table III) . Our results clearly demonstrate the preponderance of Lys/Argrich fragments among randomly expressed peptides which bind phospholipids in vitro. Most efficient binding is obtained with basic residues located close to the C-terminus.
Sip18p is characterized by a Lys-rich C-terminus which is responsible for binding to phospholipid vesicles
To prove this hypothesis we investigated the C-terminal region of Sip18p, a yeast protein, which shows high sequence similarity to the phospholipid-binding peptide no. 9 from Table II. Computational analysis reveals 70% identity and 90% similarity for the immediate C-terminal region. Sip18p is involved in the osmotic stress response whose regulation is known to involve phosphoinositides. SIP18 is not essential for the viability of S.cerevisiae and expression was demonstrated on the mRNA level (Miralles and Serrano, 1995) . The SIP18 ORF was amplified by PCR from genomic DNA, verified by DNA sequencing and cloned into the expression plasmid pEG(KT). Since Sip18p is negatively regulated by proteinase A, the protease-deficient yeast strain BJ5459 was transformed. It could be shown that Sip18p strongly binds to phospholipid vesicles (Figure 2) .
To investigate whether the specific binding of wild-type Sip18p to phospholipids is related to the paired C-terminal Lys residues we mutated the 3Ј-end of SIP18 introducing a new stop codon upstream of the UAA. The resulting proteins are truncated for three or nine amino acids at the C-terminus. Expression levels of mutant proteins in yeast were comparable to the wild-type protein construct. All proteins were characterized on a PAGE gel for purity Ͼ95% and detected by western blot analysis with anti-GST antibodies. Lipid binding of mutants were then compared to the wild-type protein. Both mutant proteins showed a strong decrease in lipid binding (Figure 3 ). From these results we conclude that the phospholipid binding of Sip18p in vitro is dependent on Lys residues at the C-terminal (-1) and (-2) locations.
Discussion
After decades of intense studies on protein-protein interactions it has recently been widely accepted that specific proteinphospholipid interactions play key roles in many signal transduction pathways. Among the phospholipids the phosphoinositides are mainly in focus due to their unique properties. First, they are related to the second messenger IP 3 , therefore possibly involved directly or indirectly in several receptorregulated signal transduction processes. Secondly, phosphorylation of phosphoinositides can occur in an analogous fashion to protein phosphorylation and can create sites for recruitment of proteins to cell membranes. A variety of lipid-binding protein domains have been described, including PH domains, FYVE domains, SH2 domains and C1 and C2 domains (Fruman et al., 1999; Hurley and Misra, 2000) . In contrast to C1 and C2 domains, in PH and FYVE domains conserved amino acids are dominated by lysines and arginines which are thought to interact directly with the lipid. Most PH domains were found to have a highest affinity for phosphoinositides. The Btk PH domain contains a large basic insertion that forms extensive interactions with the phosphate in the D-5 position of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) (Baraldi et al., 1999) . The important role of basic amino acid residues for phosphoinositide binding is underlined by experiments with mutant proteins where changes in Lys/Arg motifs resulted in the loss of phosphoinositide binding (Burd and Emr, 1998) . Replacements of basic amino acids in the PH domain of phospholipase C alter the interaction of the protein with the plasma membrane (Yagisawa et al., 1998) . In the clathrinassociated AP-2 adaptor protein several lysine residues were identified that are crucial for binding of polyphosphoinositides (Gaidarov and Keen, 1999) . Binding of PIP 2 to the cytoskeleton-membrane linker protein ezrin was found to be dependent on a conserved Lys/Arg motif, but binding could only be markedly reduced by double mutations affecting two or more lysine residues (Barret et al., 2000) . Similar properties were demonstrated for the FERM domain of radixin that binds to the PIP 2 headgroup due to seven lysines and four arginines (Hamada et al., 2000) . Activation of phospholipase D by PIP 2 requires a unique conserved region of basic amino acids 526 (Sciorra et al., 1999) . All lipid-binding domains characterized so far are found to be approximately 50-150 amino acids in length and showed specificity for distinct phosphoinositides in vitro. Nevertheless, smaller stretches of basic amino acids could contribute to protein targeting or stabilize the spatial structure of proteins attached to membranes in a non-specific manner. Statistical analysis of proteins of several species (from E.coli to man) shows preference for Lys/Arg residues at the end of the C-terminal peptide (Arkov et al., 1995; Berezovsky et al., 1999) . These results not only reflect the general over-representation of basic amino acids but also the overrepresentation of Lys/Arg residues at distinct positions in the C-terminal peptide. These considerations led us to the hypothesis that basic amino acids could cause fixation of C-termini of proteins to negatively charged membrane components like phosphoinositides. This fact would be an additional explanation for the C-terminal amino acid bias of proteins. For this reason we examined the complete set of yeast proteins predicted from the genome of S.cerevisiae and found lysine to be the most frequent amino acid at the C-terminal positions (-1) and (-2) (as known for other species). Moreover, we analysed the occurrence of paired amino acids at positions (-1) and (-2) ( Table I ). The combination [KKstop] was found to be strongly over-represented and the most frequent 11 combinations of paired amino acids almost always contained at least one basic amino acid residue.
To investigate systematically the binding properties of C-terminal peptides we used a yeast genomic expression library. GST-fusion proteins were randomly expressed in S.cerevisiae. Single colonies were grown, cells were lysed and immobilized GST-fusion proteins were tested for binding to phosphoinositide-containing vesicles. Among the 3800 clones tested we identified 54 peptide sequences which are not derived from known yeast ORFs. Nearly 60% of these naturally not translated sequences are found to encode Lys/Arg-rich peptides. A comparison of all binding sequences suggested the hypothesis that paired basic amino acid residues close to the C-termini of proteins are sufficient for binding negatively charged phospholipids. This fact should be taken into account if peptides were designed or if lipid-binding domains of proteins should be mapped. Mutational analysis of rabphilin3a identified one peptide from the C-terminal region of the C2B domain that specifically inhibited secretion from permeabilized chromaffin cells and binding of rabphilin3a to phospholipid vesicles. This peptide showed the C-terminal sequence [..KDKKIstop] (Chung et al., 1998) .
Lipid binding seems not only to depend on the number of Lys/Arg residues but also on their position along the polypeptide chain. Lys/Arg residues at C-terminal positions (-1) and (-2) were over-represented among the identified clones and therefore we suppose that these constructs allow proteins to attach their C-termini to membrane components such as negatively charged phospholipids. We further investigated the lipid-binding behaviour of the yeast protein Sip18p which shows high sequence similarity to the phospholipid-binding peptide no. 9 from Table II and which is characterized by a double lysine motif at the C-terminus. The wild-type protein showed binding to phospholipid vesicles in vitro, whereas deletion of the C-terminal lysine residues abolished lipid binding. The localization of GFP-fusion constructs of Sip18p in vivo was also found to be dependent on the C-terminal lysine residues (data not shown). In the case of several proteins it was shown that C-terminal basic residues are necessary for proper cellular function. It was suggested that the C-terminal basic residues of bacterial galactosyltransferases may be responsible for anchoring the protein to the membrane through an ionic interaction with negatively charged phospholipids (Wakarchuk et al., 1998) . Melittin, a small lytic polypeptide from honeybee venom, has a profoundly disruptive effect on membranes which is abolished by selective replacement of the C-terminal basic amino acids (van Veen et al., 1995) . In the case of human ras it was recently shown that the polybasic domain influences plasma membrane accumulation (Apolloni et al., 2000) .
Therefore, we conclude that a Lys/Arg terminus confers the possibility of phospholipid interactions and this fact could contribute to explain the preference for lysine in natural protein termini among a variety of species. We suggest that paired basic residues in the immediate C-terminal regions should be taken into account if lipid-binding properties of proteins are considered both in vitro and in vivo.
